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SECTION I

INTRODUCTION

In the design and analysis of any compressor one of the crucial flow

analyses that is carried out is the streamline, or through-flow calculation.

This is an axisymmetric meridional plane (two-dimensional) calculation in which

the impact of the spanwise (or radial) variation of the flow properties is deter-

mined. The basic assumption common to all such calculations is that of strip
theory. This is the assumption that adjacent streamtubes (or strips) communicate

only through pressure gradients and that there is no transfer of mass, momentum

or energy between them. In two-dimensional external flows this is generally an

excellent assumption since the flows are usually homenthalpic and homentropic.
In the internal flow in a compressor annulus, however, the flow is normally

nonuniform. There are usually present large spanwise gradients in total

pressure, total temperature and flow direction. These non-uniformities may be

present in the inlet flow and they are also generated within, by the airfoils.

Furthermore, the compressor annulus contains a host of mechanisms which contri-

bute to the redistribution and mixing of these properties. These mechanisms

include the radial flows in airfoil boundary layers and wakes, and the strong

streamwise vortices generated by secondary flows at the endwalls and by rotor

tip (and cantilevered stator root) clearance leakage flows. Furthermore, the

same mechanism that causes radial flows in airfoil boundary layers and wakes,

that is, differences in the absolute swirl velocity between fluid in the

boundary layer or wake and the fluid around them, also causes these vortices to
be transported radially.

An understanding of these non-strip theory effects would have a significant

positive impact on the design and analysis of all axial compressor (and turbine)

configurations. The impact, however, would be felt most strongly in the case of
advanced technology compressors having low aspect ratio airfoils with high aero-

dynamic loading. The low aspect ratio causes the effects to be felt more

strongly over a larger portion of the span. The high loading causes deeper wakes

and stronger vortices which would result in higher radial velocities.

The present state-of-the-art in the area of through-flow calculations has

been summarized at a recent AGARD conference (Ref. 1). In the Technical Evalu-

ation Report it was stated that "the calculations schemes available.... seem to

have reached their maturity and to need only minor improvements." The observa-
tion was made that although the available numerics are probably adequate there

is still a significant problem in the aerodynamic framework to which they are



being applied. Some of this problem is related to inadequate airfoil performance

predictions but much of it must be directly related to non-strip theory effects

in the annular flows. At present these effects are usually ignored both in com-

pressor (and turbine) design calculations and in the through-flow analysis of

rotating rig data. This is not surprising in light of the fact that there is

very little available in the way of analytical models of the mechanisms and

effects, and that only one or two pieces of data are available that even approach
the degree of detail necessary to gain a clear picture of what is taking place.

Of the existing experimental studies in the area of rotor wake flows the most

notable have been conducted by Thompkins and Kerrebrock (Ref. 2), Lakshminarayana

and his coworkers (Refs. 3, 4 & 5), Hirsch et al (Ref. 6) and by Kool et al

Ref. 7). The work by Thompkins et al (Ref. 2) was carried out behind a high
speed rotor (M 1.2) using a radially traversing (nonrotating) multielement

6P ~tip
;. high response pressure probe. They measured the radial-circumferential distri-

bution of total and static pressuLe and three components of velocity. It was

observed that "very large radial flows, of the same order as the axial flow,

occur in the flow field" thus indicating the potentially important role played by

radial flow phenomena. The work by Raj et al (Ref. 3) also involved radially

* traversing a multielement high response sensor in the absolute (nonrotating)

frame. In this case, however, a three element hot wire probe was employed.
Close to the rotor trailing edge radial velocities of 10 to 15 percent of the

axial velocity were measured in the very low work turbine configuration tested.

The work by Reynolds et al (Ref. 4) employed a three element hot wire anemometer

mounted in both the rotating and stationary frames of reference. Measurements
were also made with a static pressure probe in the rotating frame of reference.

Asymmetric profiles of radial flow in the wake were observed. The magnitude of

these velocities was very large in the near-wake region and decayed rapidly with

distance. Ravindranath (Ref. 5) also used a rotor mounted three element hot wire
probe in his study of (moderately loaded) compressor rotor near and far wake be-

havior. A rotating frame "static-stagnation" probe was used to measure static

pressure gradients. Measurements were made at several radial and axial locations.

Once again, asymmetric radial velocity profiles of large magnitude were observed
which decayed rapidly with distance. Hirsch et al (Ref. 6) examined the three-

dimensional flow downstream of a compressor rotor using single element rotating

hot wire instrumentation with phase-locked-averaging. Large radial flows were

observed, especially near the rotor tip. Kool et al (Ref. 7) also used a rotat-

ing single element hot wire to obtain a complete plane of velocity component data.

The data was taken 34 percent chord aft of a compressor rotor trailing edge and

covered nearly the full span. The results showed the nature of the airfoil
wakes, the endwall flow and local regions of large radial flow.

In a recent analytical work Sehra et al (Ref. 8) described a method for
introducilig nonaxisymmetric effects, including radial flow effects, into through-

flow calculations. The approach is one of pitchwise averaging the equations of

2



motion rather than simply assuming axisymmetry. Some of the additional terms
arising as a result of this approach were demonstrated to have a significant

effect on obtaining agreement between measured and computed results.

The global objective of the present program was to make detailed measure-
raents which would determine the degree to which the assumption of strip theory
was being violated in the flow downstream of a compressor rotor. The specific
means whereby this was to be accomplished was by measuring the total and static

. ipressures and the three components of the flow velocity vector over a radial-

* circumferential array in the rotating frame at several planes downstream of a
compressor rotor.

-A
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SECTION II

PROGRAM BACKGROUND

Since the probe is such a key feature of the program, its design and cali-

bration will be described in detail. The combination 5-Hole/Cobra probe is

shown in Fig. 1. The tip of the 5-Hole sensor (lower sensor) is on the shaft

axis so that as the probe is rotated in yaw the sensor location will be fixed.

The tip of the Cobra sensor (upper sensor) is also on the shaft axis for the
same reason. The 5-Hole sensor can be positioned radially from a location very

close to the outer case of the compressor (97% span) to a location approximately

3/4 inch from the rotor hub (13% span). The Cobra sensor was added in order to
provide additional data down to approximately 1/4 inch from the rotor hub (4%

span). The yaw and pitch angles for the probe are shown in the figure. This
notation was used in the calibration results presented in Figs. 2 and 3. In

the actual test, however, with the probe shaft coming radially out from the rotor

hub the directions of yaw and pitch will be of opposite sign. Pitch will be

positive in the radially outward direction and yaw will be positive in the

direction of rotor motion. These sign conventions are included in the data

reduction calculation.

The notation for the total of eight sensor pressure taps is shown in Fig. I.

For the Cobra sensor tap I is for impact pressure while taps 2 and 3 are for yaw
nulling and dynamic pressure. For the 5-Hole sensor tap 5 is for impact pressure

while taps 7 and 8 are for yaw nulling and taps 4 and 6 are for dynamic pressure

and pitch.

Probe calibration was carried out in an air jet issuing from 1.5 inch dia-

meter nozzle. The jet was sufficiently large such that both the 5-hole and Cobra

sensors could be calibrated simultaneously. Calibration was carried out at a

typical flow speed of 187 ft/sec. This relatively high speed was used in order

to reduce the effects of the fixed manometer reading errors (approximately + 0.01

inches of water). This method is permissible owning to the insensitivity of the

probe calibration parameters to flow speed. The calibration was performed by

setting the probe at a particular pitch, nulling the Cobra taps 2 and 3 in yaw,

reading the yaw position relative to a flag mounted on the shaft and reading the

* pressures on taps 1 through 3. The 5-Hole sensor was then yawed until taps 7

and 8 balanced (null) and then the probe yaw angle and the pressures on taps 4

through 8 were recorded.

Typical calibration results are presented in Figs. 2 and 3 in terms of the

various dimensionless coefficients that are used in the data reduction calcula-
tion. For the 5-Hole sensor the pitch parameter (Fig. 2A) is monotonic and

nearly linear over a broad range. The dynamic pressure parameter (Fig. 2B) and

5
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the total pressure parameter (Fig. 2C) are smooth and well behaved. The varia-

tion in the yaw angle at which null occurs (Fig. 2D) varies nearly linearly and

by less than 2" over the entire range of pitch. Finally, the symmetry about a

pitch of 0" indicated little or no interaction between the 5-Hole and Cobra

sensors. The Cobra sensor results are shown in Fig. 3 as a function of pitch

to indicate that over a wide range (+ 15") they are insensitive to pitch.

This is important since the Cobra does not sense pitch. Only the constant

values of the various dimensionless parameters at zero pitch are used in the

data reduction.

I
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SECTION III

TEST FACILITY

The experimental program was carried out in the United Technologies Research

Center's Large Scale Rotating Rig (LSRR). This facility is 5 ft. (1.52 m) in dia-

meter and is shown with the 0.8 hub/tip ratio compressor rotor installed in Fig.
4. The rotating frame radial-circumferential traverse system and the combination

5-Hole/Cobra probe can also be seen. The probe can be seen more clearly in Fig.

5 where it is in the plane 10% chord aft of the rotor. At typical running con-

ditions the shaft speed is 510 rpm. At this shaft speed the flow through the
-j rotor is set to obtain the desired value of (Cx/Um). The test range of (Cx/

Um) from 0.65 to 0.95 corresponds to an axial flow velocity (Cx ) range from

78 f/s (24 m/s) to 114 f/s (35 m/s).

The airfoil true chord is 6 ins (0.15 m) and is constant with span. This re-

<I suits in an airfoil aspect ratio of 1.0 and a Reynolds number range (based on in-

let flow speed at midspan) of 4.3 x 105 to 5.1 x 105. The details of the air-

foil geometry are listed in Table 1. The axial chord of the airfoil at midspan is
is 5 ins. (0.15 m). The axial locations of the planes at which traverse data was

obtained were measured with respect to the airfoil midspan trailing edge location

and normalized with the midspan axial chord, e.g., the probe in Fig. 5 is nominally
10% aft of the rotor (,X/Bx = 0.1) so the probe is 0.5 ins. (0.13 m) axially aft

of the blade tailing edge at midspan. A cross section of the flow path is shown

in Fig. 6 with the traverse plane in its 10% aft location. The location of the

various flow path static pressure taps and the location of the hub and tip inlet

boundary layer surveys are also indicated. The rig flow (C ) was based on the

static pressure at Sta. 0 and the rotor pressure rise was based on the static

pressure difference between Sta. 3 and Sta. 0. Note that the hub static pressure

taps nominally at Sta. 0 are in fact 2 in. aft of Sta. 0. The traverse plane

location relative to the rotor was varied by installing spacers between the tra-
verse and the rotor. Thus, in order to traverse further aft of the rotor, the

rotor and the nonrotating upstream hub were moved forward.

The rig is operated by a computerized automatic control, data acquisition

and data reduction system. The system precisely maintains the desired velocity

triangles by holding (Cx/Um) to within ± 1/2%, calibrates all the various

pressure transducers in the rotating and stationary frames, controls probe radial-
circumferential positioning, acquires all penumatic data and reduces this data

(on-line) to engineering units and convenient dimensionless parameters.

The accuracy of the pressure measurement system is typically ± 2% of

reading. Since all pressure measurements are referenced to the inlet absolute

total pressure the uncertainty is ± 2% of Cp.

7



SECTION IV

DISCUSSION

1. DATA PRESENTATION

* Early in the program it was recognized that care would have to be taken in

order to present the data in a form that would be useful to other investigators.

Traverse data was taken at 4 axial planes and at four values of (Cx/Um) inI each plane. Measurements were made at roughly 900 radial-circumferential loca-

tions and each measurement consisted of 6 pieces of information (radial location,
circumferential location, total pressure, static pressure, yaw and pitch). This

SI ]  adds up to over 80,000 pieces of information. It was determined that the most

convenient method for storing such a bulk of information in an easily accessible

form was on magnetic tape. For this reason, only a summary of the results will
be presented in the following paragraphs. All of the data, however, is available

on magnetic tape and the tape format is described in Appendix A.

In the following paragraphs the data is presented in the form of dimension-

less pressure coefficients, normalized velocity components and flow angles. Both

total and static pressures were referenced to the inlet absolute total pressure
and the difference normalized by a dynamic pressure based on midspan wheel speed

(QUm). All of the velocity components were normalized with midspan wheel speed

(Um). Tangential velocity and yaw were taken as positive in the direction of

rotor rotation (Fig. 6) and radial velocity and pitch are taken as positive in

the radially outward direction. Circumferential location is increasing in the

direction opposite to rotor rotation, i.e., from the pressure surface to the

suction surface side of the wake (Fig. 6).

2. ROTOR PERFORMANCE

Two types of stationary frame data were acquired in order to document the

overall rotor performance, the hub and tip inlet velocity profiles and the rotor

static pressure rise characteristic. The inlet velocity profiles are shown in

Fig. 7. Variation of C over the test range was seen to have no significant

effect on the velocity profiles. The displacement and momentum thicknesses are

about I to 2% of the blade chord (or span) and the boundary layer thickness is

about 5 to 10% of the blade chord. The hub boundary layer is somewhat thinner

than that at the tip. This is a result of the length of the hub centerbody

being less than that of the flow path casing.

The rotor static pressure rise characteristic is shown in Fig. 8. The

static pressure rise data from the hub and tip pressure taps (at Sta. 3, Fig.

6) are shown along with the deduced midspan static presure rise. For free-vortex

9
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swirl (and a 0.8 hub/tip ratio) tahe midspan static pressure is 58.3% of the way
from the hub value to the tip value. This was the basis for estimating the mid-
span static pressure rise. The data was taken with the rotor set up as in Fig.
6, i.e., with the traverse plane 10% aft of the rotor. The static pressure taps

at Sta. 3 are then 200% (2 axial chords) aft of the rotor. This must be kept in
mind when comparing these hub and tip static pressure data with those measured

with the traverse probe. It will be seen that there is a considerable static
pressure rise downstream of the rotor (probably resulting from wake mixing) and
that the static pressure measured in the flow with the 5-Hole/Cobra probe does
not extrapolate to the wall values until some distance aft of the rotor.

3. TRAVERSE DATA

The remainder of this discussion will provide a summary of the highlights of
the radial-circumferential traverse data. The various pressure coefficients, nor-
malized flow speeds and flow angles will be presented in a number of ways. Cir-

cumferential plots are used to show the detailed nature of the flow in the wakes.
Spanwise plots of the circumferentially gap (area) averaged results are used to

" ishow the data in a through-flow sense. Finally, in order to give an overall im-
pression of the nature of the flow the data is presented in the form of contour

plots.

Let us first examine the nature of the rotor wake flow at the plane 10% aft
of the rotor trailing edge. The behavior of the blade wake at midspan is shown

in Figs. 9 through 12 for (Cx/U ) dropping from 0.95 to 0.65. This cor-
responds to the midspan inlet flow angle (yaw) increasing from 46.4' to 57.0,

or the incidence going from -13* to -2.40. At a (Cx/U m ) of 0.95 (Fig. 9) it
can be seen that the maximum wake speed defect is about 30% and that the pitch
variation is small (± 20) and asymmetric across the wake. As the flow (Cx/Um)

is reduced and the rotor loading increases, the maximum wake speed defect in-

creases to about 70% at (Cx/Um) = 0.65 (Fig. 12). The nature of the pitch
distribution is also changing. The magnitude of the pitch angle in the wake is

increasing (to over +30* at 0.65) and the distribution becomes nearly symmetric.
As the rotor has been loaded up the wake has gone from having weak in and out
flow (± 2% of Um at (C /U ) = 0.95) to having a very strong radial out flowm x m
(+ 26% of Um at (Cx/Um ) - 0.65). Clearly, airfoil loading has a strong

impact of the magnitude of non-strip theory effects as a result of such flows.

It should also be pointed out that the measured variation in yaw (0) across
the wake also increased as (Cx/Um ) was reduced (from 2* at 0.95 to 270 at

0.65). Part of this may be a true yaw variation but part of it must be a result

of the wake shear and the finite distance between the two nulling yaw parts on

the probe (Fig. I). As the probe moves across the wake from the pressure to the
suction side of the wake the flow shear will first cause yaw error in the nega-

tive direction in the region of dropping speed and then an error in the positive

10
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direction in the region of increasing speed. It is expected that most of the
measured yaw variation is due to this shear inuuced error since the yaw angles
on either side of the wake are relatively close outside of the shear region.
In future work of this sort it would be helpful to incorporate a first-order

correction for this effect.

The spanwise distribution of the gap (area) averages is shown in Fig. 13 for
a (Cx/Um) of 0.65 (10% aft). The relative total pressure increases with
span (due to the increase in wheel speed with span) out to 75%. Beyond this the
tip leakage losses and the tip endwall boundary layer cause a rapid fall off.
The beginning of the hub endwall effect is also apparent at 5% span. The static
pressure increases monotonically with span but it is considerably below the hub
and tip values (W) from the speed line (Fig. 8) which were measured 200% aft at
Sta.3 (Fig. 6). It will be seen that at traverse planes further aft of the blade
the static pressure rises toward these flow path values. This downstream dif-
fusion is a result of wake mixing.

Even with the locally large values of pitch (Fig. 12) the gap averaged pitch
is very small over most of the span except near the tip where it rises to +14".
The yaw variation is smooth, having significant over turning near the hub and
under turning near the tip.

From the total and static pressure coefficients and the yaw and pitch one
can calculate the various components of the velocity vector. These are shown
(gap averaged) in Fig. 13. What is particularly noticeable is the large flow de-
fect near the tip and that the gap averaged radial velocity is small even though
there are locally very large radial flows (Fig. 12).

In order to check continuity of the measurements the area average of (Vx/U m )
was computed. This value should compare closely with the inlet value of (Cx/Um),
0.65. The result must be corrected for inlet boundary layer displacement thickness
and the extrapolation of traverse piane data to the hub and tip. These correc-
tions are approximately 2% and they nearly cancel. The result was that the tra-
verse plane exit flow exceeded the inlet flow by 2.7% for this case. This is
rather good agreement, particularly in light of the strong gradients present in
the flow this close to the rotor. This continuity check was carried out for all
of the cases where it was possible. The average absolute error was 1.6% and the
maximum error was 5%. This average error corresponds to a 1.6% error in speed
(V/Um) or a 2" error in the yaw angle. It is suspected that the major source
of error was backlash in the traverse yaw positioning mechanism.

The contour plots of the various parameters provide an excellent picture of
the flow. The total and static pressure coefficients, the flow speed and the
yaw and pitch are presented in Figs. 14 through 18 respectively for (Cx/Um) M

0.65, 10% aft. The primary endwall effect is at the tip (Fig. 14). The hub is
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very clean. The static pressure is relatively uniform (Fig. 15) so the prime

source of flow speed variation (Fig. 16) is the total pressure. The yaw angle

gradients are relatively weak except in the wake where shear errors are greatest

(Fig. 17). The radial flow (pitch) is seen to be almost entirely concentrated

in the wake and in the region near the tip (Fig. 18). Note that the pitch data

does not extend all the way to the hub due to the limited range of the 5-Hole

sensor. The Cobra sensor doesn't sense pitch.

The nature of the flow field at the plane 10% aft was significantly

different at values of (C /Um ) higher than 0.65. For these cases (0.75,

0.85 and 0.95) the region near the intersection of the airfoil and the hub had
very low velocities and very large pitch angles. The data indicates that the
blade was experiencing corner stall at the hub and that the region of back-flow
extended to the plane 10% aft of the rotor. Because of the very low velocities

and high pitches sensible data could not be obtained from either the Cobra

probe or the 5-Hole probe when they were in this region. In order to learn as

much as possible, however, data was acquired outside these apparently stalled

regions. Data was not taken in the blade wake near the hub, however, it was

*taken in the regions between the wakes down to 4% span. The total pressure

field is shown in Fig. 19 for the traverse plane 10% aft, at a (Cx/Um ) of

0.85. It is clear that the flow field is considerably different from that at

the more highly loaded condition of a (Cx/Um) of 0.65 (Fig. 14). At 0.85

the wake is much thinner, as could also be seen in Figs. 10 and 12. At the
higher (Cx/Um ) there is a considerably smaller region of high loss fluid at

the tip but there is a much larger region of high loss fluid at the hub. The

reason for the breakdown in flow at the hub at higher values of (Cx/Um) can

be explained in part by the wake profiles of radial velocity (Figs. 9 through

12). At the higher values of (Cx/Um) the endwall boundary layer fluid

tends to accumulate on the airfoil near the hub. The radial flows in the wake

(and probably also on the airfoil suction surface) are relatively weak so the

low total pressure fluid accumulates there and causes the corner flow to break

down. As the rotor is loaded up by going down in (Cx/tm) to 0.65 the wake

defect and the wake width (and the airfoil boundary layer thickness) increase.

This permits the low total pressure fluid in the wake (and in the airfoil

boundary layers) to be centrifuged radially outward (due to its high absolute

swirl velocity). The effect is to remove the low total pressure fluid from the

hub and to move it out toward the tip, thus inhibiting the hub corner stall,

i.e., reducing the streamwise extent of the back-flow region. The final result

is that due to non-strip theory effects, corner stall has been inhibited by

increasing the loading on the rotor, i.e., by going to a lower (Cx/Um).

The nature of the wake decay process is illustrated in Figures 19 thru 22.

These figures show the total pressure fields at a (Cx/Um) of 0.85 and at

axial distances 10, 30, 50 and 110% aft respectively. At 10% aft (Figure 19) con-

tours are shown near the hub between wakes but not in the wakes themselves. This

is due to the inability of the probe to null in this apparently stalled region.

By the traverse plane 30% aft (Fig. 20) it was possible to acquire data in all
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parts of the wake. Upon examining the flow as it proceeds downstream it is clear

that in both the airfoil wake and in the endwall regions, the total pressure
(speed) defects are decreasing and that these regions of high loss fluid are

increasing in extent. The process (at this Cx/Um) appears to be primarily a

diffusion process due to gradients rather than strong radial redistribution.
The radial flow in most of the flow field is relatively weak (as mentioned above).

The region of consistently highest pitch angle is near the airfoil wake in the

vicinity of the hub.

The data has also been analyzed in the light of the observation by Sehra et

al (Ref. 8) that blade-to-blade effects can have a significant impact on the re-

sults of through-flow calculations. The blade-to-blade effects are introduced
into the through-flow analysis by circumferential averaging which produces the
following terms: , A , "T , VxVR, VxVT, and VRVT . For the supersonic

rotor data analyzed in Ref. 8 these terms range in magnitude from -2% to +7% of

VX2. The data of Ref. 8 showed very strong radial gradients over the entire

span with no significant differences in magnitude between midspan flow and flow
near the endwalls. In addition, there was no signficant change in the magnitude

of the terms from 10 to 100% aft of their rotor.

The results of the present program were analyzed in this ame way and are shown

in Figs. 23, 24 and 25. The data of the present program have been normalized with

midspan wheel speed. To convert them to percent V 2 they must be multiplied by
(Cx/Um)-2. This factor is 2.4 for a (Cx/Um) of 0.65 and 1.4 for a (Gx/Um) of

0.85. The data for (Cx /U m ) of 0.85 at 10% aft is shown in Fig. 23. The largest

positive term is V 2 and the largest negative term is VxVT . Large values

occur near the hub and tip which are comparable in magnitude to those of Ref. 8.

In the midspan region, however, the terms are all much smaller than those of Ref.

8. As the rotor is loaded up by going down to a (Cx/Um) of 0.65 (Fig. 24)

the terms increase in magnitude in the midspan region. Under these conditions

their magnitudes even at midspan are on the order of those reported in Ref. 8.

Further downstream at this same value of (Cx/Um) the terms are generally of

much smaller magnitude due to the wake mixing that has occurred aft of the rotor
(Fig. 25). This is distinctly different from the behavior observed aft

of the supersonic rotor of Ref. 8 where little change was observed with axial

location.

13
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SECTION V

CONCLUSIONS

It has been demonstrated that non-strip theory radial flow effects can
have a major impact on the nature of the wake of a compressor rotor. Rotating
frame radial-circumferential traverse data has shown that as the rotor loading

is increased, by reducing (Cx/Um) , the airfoil wake depth and width increase

and that at sufficiently high loadings very strong radial flow can occur (as high

as 28% of Cx). The result is that the accumulation of low total pressure fluid,

which resulted in a hub corner stall at lower loadings, is inhibited due to rad-

ial out flow at higher loadings. Non-strip theory effects such as these can have

a significant impact on compressor design and on the analysis of compressor rig

,* data.
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TABLE 1

ROTOR AIRFOIL GEOMETRY

Contour - NACA 65 Series

Chord (B) - 6 ins. (0.1524 m.)
Camber - Circular Arc

No. of Airfoils - 28

Span (%) 0 25 50 75 100

a1 (deg.) 25.37 31.80 30.55 28.45 25.03

02 (deg.) 104.77 85.75 78.50 74.45 74.47

t/B 0.0900 0.0825 0.0750 0.0675 0.0600

Radius(ins.) 24.0 25.5 27.0 28.5 30.0

16
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Figuare 5.Rotating Frame Combination Five Hole/Cobra Probe
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Figure 7. Hub & Tip Inlet Boundary layers
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CONTOUR INCREMENT:

Figure 114. Total Pressur'e Contours, 10% Aft, (C./u) o .65
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Figure 15. Static Pressure Contours, 10% Aft, (cx/Ul) 0 .65
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_,--CONTOUR INCREMENT:

Figure 1.6. Flow Speed Contours, 10% Aft, (cx/u) m 0.65
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CONTOUR INCREMENT

Figure 17. Yaw' Contours, 10% Aft, (cju) m 0.65
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CONTOUR INCREMENT

Figure 18. Pitch Contours, 10% Aft, (C /U) 0.65x m
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Figure 20. Total Pressure Contours, 30% Aft, ('C,&u, 0.85
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1Figure 21. Total Pressure Contours, 50% Aft, (C x/U m) 0.85
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Figure 22. Total Pressure Contour's, 110% Aft, (cx/um) o .85
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APPENDIX

MAGNETIC TAPE DATA FORMAT

Card type Format

Index cards 80AI

Control card for UTRC use

Title card 80A]
Data cards IX, 214, 2F6.2, 5F8.3

Run number

Circ. sequence number
Radial position (ins. from center line)

Circumferential position (degrees from reference location)

Total Pressure Coefficient

Static Pressure Coefficient

(Cx /Um)

Yaw (degrees)

Pitch (degrees)
Control card for UTRC use

A sample of the data format is provided on the following page where the first
98 lines have been listed. Lines 1 through 18 are the Index cards describing the
location of the various planes of data for each axial location and for each value
of (C x/Um). Line 19 is a Control card. Line 20 is a Title card. Lines 21

through 58 are Data cards for the thirty-eight circumferential locations at which

data was obtained at a radius of 24.25 inches, 0.25 inches from the hub. This is

Cobra probe data and hence the pitch angle (listed in the right hand column) is

zero. Line 59 is is a Control card. Lines 60 through 97 are the data cards for
the 24.35 inch radial position. Line 98 is a Control card. This sequence con-

tinues with increasing radius down to line number 1131 (as indicated in line 2 of
the index). At line 1132 the data for a different (C x/Um ) begins.
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